Abstract--Turn-off characteristics of silicon-controlled rectifiers (SCRs) drive the design of snubber circuits for single devices in power converters. Turn-off characteristics also drive the design of equalization circuits for series-connected devices in power converters. For single devices, the important characteristics are peak recovery current, recovery time, and recovered charge. These characteristics are also important for series-connected devices, but it is the variation in these characteristics that define the equalization requirements. In fact, these variations are used to determine the size and power dissipation of the equalization circuit.
I. INTRODUCTION
N the design of converter protection circuits, the turn-off characteristics of the SCR must be accounted for properly. Voltage and current transients at turn-off may damage the device or lead to its unexpected re-triggering. When multiple SCRs are used in series, an additional consideration comes into play, namely the unavoidable range of characteristics among the different devices that lead to unequal voltage and current sharing. It is common practice to protect each SCR individually by means of auxiliary circuits (commonly called snubbers) even when SCRs are used in series and/or parallel combinations. In this case, however, the protective circuits have the additional duty of minimizing the differences in voltages among the SCRs and are referred to as equalizer circuits.
Equalizer circuits are typically divided into two types: static and dynamic, depending on whether their function is to protect the SCR after steady state has been achieved or during transients. We shall limit our discussion to the case of SCRs connected in series and to the simplest and most common form of equalizer circuit (Fig. 1) . The equalizer circuit is composed of a single resistor connected in parallel with the SCR, (the static equalizer branch), and a series combination of a capacitor and a resistor in parallel with the SCR (the dynamic equalizer branch).
II. BACKGROUND
The dynamic equalizer circuit addresses variations, from device to device and in the carrier lifetime. The carrier lifetime is controlled through the introduction of recombination centers within the wafer. Manufacturers use the design of the doping profile and doping technique to distinguish their products from those made by others. Variations of pre-existing defects within wafers and variations in the doping process can both contribute to variations in carrier lifetime from sample to sample.
The reverse recovery charge rr Q is defined [1] as the time integral of the reverse current during recovery, which can be approximated by the expression:
where k is a constant typically of the order of 0.4, dt di / is the time rate of change of the current in the device, s t is the time interval between the current first crossing zero as it reverses and the current reaching its maximum reverse value, and rr t is the time interval between the current first crossing zero as it reverses and device turnoff. Because both s t and rr t are proportional to the carrier lifetime [1] , the reverse recovery charge varies as the square of the carrier lifetime. As a result, the voltage and current distributions during device turn-off, unless the external circuit is designed to control the behavior, are determined by the carrier lifetime as is the forward voltage drop during operation. Because this parameter cannot be sufficiently controlled from device to device or from lot to lot, appropriate external circuitry must be used.
III. RECOVERY TEST
In order to properly design an equalizer, it is important to have a realistic characterization of the SCRs during recovery. , have a standard deviation of less than 1%. The measured value for rr t as a standard deviation of about 2%, and the other measured quantities have a standard deviation between 3.5% and 4.5%. These data suggest that the carrier lifetime is consistent from wafer-towafer under the tested conditions.
The values for rm I were correlated with those furnished by the SCR manufacturer for each device and the results shown in Fig. 3 . It can be seen that although a general correlation exists, that correlation is not very high. This is likely due to the fact that the manufacturer's tests were done at a lower voltage and current (1,000 V, 4,000 A, 11 A/μs). Under these test conditions, it is less likely to attain a small standard deviation due to the nonlinear relationships among the various parameters of interest. Therefore, the degree of correlation is probably an indication of the difficulty in making robust measurements under all conditions rather than an indication of variation in device behavior.
IV. EQUALIZATION CIRCUIT DESIGN
A primary concern of a converter designer is the protection of the switching devices from spurious turn on, toofast turn on, overheating, and over voltage [1, 2] . Because thyristors are often stacked in series strings in order to achieve higher operating voltage, there is a particular concern regarding over voltage. This concern arises from the fact that SCRs connected in series do not share voltage equally, either during steady-state or recovery [3] . This problem is addressed through the use of a static and a dynamic equalizer.
Under steady-state conditions, a static equalizer (a grading resistor) is needed to force the voltages across each series SCR to be equal. The choice of the grading resistor must balance the need for sufficient current draw to provide an effective equalization and the need to minimize the power loss. At steady state, the worst-case voltage imbalance in a stack of SCRs in series will occur when one SCR has the lowest leakage while the others have the maximum. As a result, the first SCR will have to withstand a higher voltage than the others. The relationship of leakage current versus voltage in each SCR can be modeled as a piecewise linear function with zero leakage for voltages less than a minimum 0 v and a straight line of different slope for voltage beyond the minimum. This slope allows replacement of each SCR in the stack with an equivalent resistor. Then we simply need to solve the resistor network made up of the SCR's equivalent resistors and the grading resistors. For example, in the case of three SCRs stacked in series, R is the value of the grading resistors, 1 R is the resistance of the two high-leakage SCRs, and 2 R is the resistance of the low-leakage SCR. Then, if V is the voltage across the whole stack, the voltage 2 v across the low leakage SCR will be given by (see Fig. 4 This allows us to establish limits for 2 v and choose a grading resistor accordingly.
The function of a dynamic equalizer is to force voltage sharing under transient conditions. A dynamic equalizer is the same in form as a snubber. In fact, a complete design of a protection circuit must account for equalizing, voltage limiting, and dt dv limiting functions. The final circuit design will be the result of several iterations and final compromise between the needs of dynamic equalization and those of individual SCR protection. Details about the dynamic equalizer section when working as a snubber are given in a concomitant paper [4] . Here we are concerned only with the equalizing role of the circuit. The required analysis can be carried out in a manner similar to that of the static equalizer. If we concern ourselves only with the turn-off process, the analysis shows that a crucial role is played by the quantities that define the recovery characteristics of the SCRs. This is not surprising as it mirrors the situation already discussed for the static equalizer, where the leakage parameters were the defining factors in the circuit performance. Although the model one assumes for the SCR during recovery has an impact on the results [5, 6] , we need only be concerned with the recovery characteristics shown in Fig. 5 . Fig. 5 shows the response of two different thyristors during recovery in identical circuits with identical driving functions. The difference in the two circuit responses arises from the differences in stored charge in each device. When a string of thyristors switches from the conducting state to the blocking state, the time required for conduction to stop and for reverse blocking to occur is a function of the junction's recovered charge ( rr Q ). Because no two cells are ever manufactured exactly alike, the charge recovered by any two cells is different. As a result, the device with less recovered charge turns off more quickly than the device with more recovered charge.
If these two (or more) devices are connected in series, then the device that turns off first supports the entire impressed voltage for the interval of time represented by 1 5 t t − are distinct from the time required for the devices to support forward voltage (or turn-off interval), q T . If the devices were connected in series in the first place in order to achieve a higher operating voltage than was possible using only a single device, then a device over-voltage, and potentially failure, would almost certainly occur. This situation is exacerbated by the fact that the reduction in reverse current for the second device will lengthen its recovery time, and therefore the time before it is able to support reverse voltage. The difference between the recovery characteristics of the device is 1 2 
where
Adequate voltage sharing between thyristors in series is achieved by connecting shunt elements, as shown in Fig. 6 . These elements provide a current path around the faster devices during recovery. As a result, the voltage on a thyristor is limited by the rate at which the shunt capacitor charges. Therefore, the capacitor must be chosen based on the worstcase operating conditions. These conditions are defined by max Q ∆ for a population of thyristors, the impressed voltage during recovery, the number of devices connected in series and the voltage rating of the devices in the string. The worst case for dynamic voltage sharing occurs when one device has the minimum recovered charge, and therefore the fastest recovery, and all of the other devices in the string have the maximum stored charge, and therefore the slowest recovery. Fig. 7 shows a string of n thyristors connected in series along with a shunt-connected capacitor. The resistance required to limit the capacitor discharge current is neglected. The voltage is dropped along each element so that 
Because the recovery characteristics of the devices are not the same, the shunt capacitors do not charge at the same rate or to the same voltages
Following the method in [3] and neglecting the differences in shunt capacitors, the maximum difference in capacitor voltage is max max
With reference to Fig. 7 , if
Therefore, combining these last two relationships with (8) we obtain the voltage on the worst-case cell
Let rated V be the maximum voltage allowed on a single
which can be solved for the minimum value of shunt capacitance s rated V nV
The worst-case analysis should also include variations in the capacitors. The nominal capacitance of each capacitor in a population of capacitors is n C C C C n nom
If the case described above is modified by the additional consideration that 
and
One of the results of the testing described above was the tabulation of recovered charge for a population of devices under various operating conditions. Table 1 shows recovered charge tabulated against peak current and
. It is apparent that the amount of recovered charge is, at best, a weak function of both of these variables for the range tested. Consequently, for the test conditions used in this investigation, the variation in stored charge can be assumed a device variation and not a variation due to operation. The variations in recovery characteristic have a substantial impact on the design of the circuit. From (11) it can be seen that the size of the capacitor is dependent on the worstcase difference in charge, the numbers of devices in series, the impressed voltage, and the device rated voltage. As an example, the capacitor mass per device was calculated for a 5 kV device for four different series combinations. In each case, the impressed voltage was set such that the voltage on each device was near its rating. The capacitor mass-per-thyristor was calculated using off-the-shelf capacitor technology based on the resulting capacitance value. From Fig. 8 , it is obvious that capacitor mass increased with device variability. Perhaps a less obvious result is that, as impressed voltage is increased and more devices are required in series, capacitor mass is greater for the same max Q ∆ .
In order to complete the trade analysis, max Q ∆ was held constant at 9 mC while n and the impressed voltage were varied. Fig. 9 shows that capacitor mass falls dramatically as a few cells are added in series but quickly levels. This shows that if recovered charge variation is high, then adding a large number of cells in series will not significantly reduce equalization circuit mass. This result is in contrast to traditional snubber circuit and voltage overshoot limiting circuit design, where the dt dv or overshoot on an individual cell is always reduced by adding more series cells and the protection circuit capacitances on each cell can therefore be reduced.
V. CONCLUSION
The influence of SCR turn-off characteristics on the design of equalizer circuits has been examined in detail for both cases of static and dynamic equalizers. General expressions useful in the selection of circuit components have been derived for the case of multiple SCRs connected in series. Additionally, the impact of the variability of the capacitance value in the snubber circuit has been discussed. Test results obtained with SCR type SPCO-402b have also been presented and the results of the foregoing analysis have been applied to this specific case exemplifying some of the design trades possible. 
